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1.  Objective 


A  major  issue  limiting  the  efficiency  of  many  optoelectronic  (OE)  devices  is  poor 
carrier  transport  across  heterointerfaces.  A  thorough  understanding  of  the  carrier 
dynamics  is  necessary  to  overcome  material  limitations  and  improve  the 
performance  of  the  devices.  While  device  performance  is  often  limited  by  carrier 
transport  in  the  vertical  direction,  conventional  approaches  to  measure  carrier 
transport  properties  typically  probe  transport  in  the  lateral  direction.  Vertical 
transport  can  vary  significantly  from  lateral  transport  in  heterostructure  devices 
where  barriers,  tunneling,  scattering,  strong  polarization-induced  fields,  or  carrier 
localization  due  to  Type  I  or  Type  II  quantum- well  structures  can  effect  transport. 
To  address  this  problem,  this  Director’s  Research  Initiative  (DRI)  project  sought  to 
investigate  directly  the  vertical  carrier  transport  properties  in  Army-relevant 
semiconductor  materials  and  devices  by  developing  and  applying  noninvasive 
nondestructive  ultrafast  optical  spectroscopy  techniques  operating  in  a  spectral 
region  ranging  from  the  visible  to  long-wavelength  infrared  (LWIR). 

2.  Approach 


2.1  Background  and  Motivation 

The  performance  of  numerous  OE  devices  depends  heavily  on  the  vertical  transport 
efficiency  of  injected  or  photogenerated  carriers  across  multilayer  heterostructures. 
For  example,  the  responsivity  of  a  photodetector  depends  on  the  photocurrent, 
which  is  influenced  by  mechanisms  such  as  tunneling  across  junctions,  scattering 
at  heterointerfaces,  and  internal  fields.  For  light-emitting  devices,  poor  charge 
transport  across  multilayer  heterostructures  strongly  decreases  the  overall 
efficiency  and  can  lead  to  efficiency  droop  at  high  currents.1 

Typical  measurement  techniques  to  characterize  transport  properties  in 
semiconductors  include  magnetotransport  measurements  of  the  Hall  effect2  and 
Quantitative  Mobility  Spectrum  Analysis  (QMSA),2  4  which  determine  carrier 
densities  and  mobilities,  and  even  depth  information.  Unfortunately,  these  methods 
typically  examine  lateral  transport  and  not  transport  across  heterointerfaces  or 
junctions.  Although  there  have  been  a  few  attempts  to  measure  vertical  transport, 
the  methods  are  generally  indirect  and  convoluted.  For  instance,  one  method 
applied  to  InGaAs/InP  superlattice  p-n  junctions  used  a  combination  of  capacitance 
versus  voltage,  alternating  current  (AC)  conductivity,  and  deep-level  transient 
spectroscopy  measurements  to  determine  that  transport  was  limited  by  localization 
of  holes  and  rapid  electron  tunneling.5  However,  direct  transport  properties  were 
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not  determined.  Another  approach  used  modeling  of  current  versus  voltage  data  to 
extract  contributions  to  the  current  from  diffusion,  trap-assisted  tunneling,  and 
generation-recombination  processes.6  Unfortunately,  this  method  is  indirect,  must 
assume  several  modeling  parameters,  and  only  determines  the  minority  carrier 
diffusion  length  and  mobility.  An  additional  shortcoming  of  applying  each  of  the 
aforementioned  techniques  is  the  necessity  to  process  specially  designed  electrical 
contacts  that  can  further  require  the  addition  of  heavily  doped  contact  layers  to  the 
sample  structure. 

2.2  Experimental  Approach 

Our  approach  is  to  investigate  the  vertical  carrier  transport  properties  in  Army¬ 
relevant  semiconductor  materials  and  devices  by  developing  and  applying  ultrafast 
optical  spectroscopy  techniques.  Optical-based  approaches  have  the  advantage  of 
being  noninvasive  and  nondestructive  and  can  usually  be  performed  without 
modification  to  the  sample.  To  study  vertical  transport,  a  novel  femtosecond- 
resolution  double-pump-probe  THz  spectroscopy  technique  was  developed,  which 
merges  2  powerful  ultrafast  optical  spectroscopy  methods,  pump-probe 
spectroscopy  and  time-domain  terahertz  (THz)  spectroscopy  (TDTS).  In  addition, 
application  of  time-resolved  photoluminescence  (TRPL)  studies  can  be  used  to 
study  carrier  recombination  processes  in  conjunction  with  our  new  ultrafast  double¬ 
pump-probe  spectroscopy  technique  to  examine  more  fully  ultrafast  carrier 
phenomena  in  heterostructured  materials  and  devices  under  nonequilibrium 
conditions.  A  schematic  of  the  combined  techniques  is  illustrated  in  Figs.  1  and  2. 
Unlike  the  traditional  pump-probe  technique,  the  optical  probe  pulse  we  apply  for 
detection  also  acts  as  the  optical  pump  pulse  for  TDTS.  In  this  way,  we  can  examine 
not  only  the  transient  concentration  due  to  an  appropriate  pump  pulse,  but  also  the 
time-resolved  THz  radiation  induced  by  the  probe  pulse.  By  analyzing  the  resulting 
kinetic  profde  due  to  the  initial  pump  pulse,  one  can  obtain  critical  information 
about  the  internal  electric  fields,  radiative  and  nonradiative  recombination  rates, 
carrier  drift  and  diffusion  times,  field  screening,  and  electron  and  hole  velocities. 
Monitoring  the  THz  emission  due  to  the  probe  pulse  in  conjunction  with  the  pump- 
probe  kinetic  profile  provides  additional  information  on  the  nonequilibrium 
transients  of  the  carrier  dynamics  and  internal  electric  field  as  a  function  of  delay 
after  the  initial  injection  of  carriers  from  the  first  pump  pulse.  THz  radiation 
strongly  interacts  with  free  carriers,  especially  electrons,  in  a  semiconductor.  One 
can  therefore  probe  vertical  as  well  as  horizontal  carrier  transport  in  a 
semiconductor  by  studying  the  THz  generation  mechanisms  within  the 
semiconductor.  The  sign  (negative  or  positive)  of  the  direction  of  carrier  transport 
can  also  be  determined  using  the  polarity  of  the  time-domain  THz  waveform. 
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Fig.  1  Schematic  of  double-pump-probe  time-resolved  spectroscopy  technique 


*  Pump  beam 
excites  carriers 
in  target  layer 

■  THz  emission  due 
carrier  transport  - 
direct  measurement 
of  internal  fields 


•  PL  emission 
provides  information 
on  recombination  - 
optical  gating  yields 
sub-ps  resolution 


Probe  beam 
tuned  to  study 
specific  layer 


Probe  beam  monitors 
carrier  evolution  with 
sub-ps  resolution 


Fig.  2  Illustration  of  how  pump-probe  and  THz  measurements  can  target  specific  layers  in 
a  heterostructure  (i.e.,  p-i-n)  device 

The  double-pump-probe  THz  technique  was  previously  applied  to  investigate 
instantaneous  polarization  of  electron-hole  pairs,  ballistic  transport,  electron 
velocity  overshoot,  and  steady-state  drift  in  GaAs  and  Si.7  However,  the  experiment 
in  Ref.  7  was  limited  to  measurements  only  at  800  nm  and  in  bulk  material.  Our 
approach  allows,  for  the  first  time,  wavelength  tunability  from  the  visible  through 
LWIR  region  and  investigation  of  multilayer  heterostructure  devices  under 
operating  conditions.  The  wavelength  selectivity  (~100-fs  pulses,  tunable  between 
400  nm  and  10  pm)  is  enabled  by  leveraging  an  ultrafast,  regeneratively  amplified, 
Ti:Sapphire  laser,  coupled  to  an  optical  parametric  amplifier  (OP A),  difference 
frequency  generator  (DFG),  and  frequency  doubler  and  tripler.  Separate  pump  and 
probe  beams  can  be  specifically  tuned  to  different  wavelengths  to  target  distinct 
layers  within  a  structure. 
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2.2.1  Double-Pump-Probe  THz  Spectroscopy  System 

Figure  3  shows  the  schematic  of  the  designed  and  constructed  double-pump-probe 
THz  spectroscopy  setup.  The  pump-probe  and  THz  portions  of  the  setup  can  be 
operated  either  separately  or  in  concert.  The  pump-probe  setup  operates  using  a 
pump  beam  derived  from  a  regenerative  amplifier  (operating  at  800  nm  and 
250  kHz)  and  a  probe  beam  derived  from  a  regenerative-amplifier  pumped,  tunable 
OPA  capable  of  producing  a  beam  between  1.2  and  2.4  pm  (signal  beam,  1.2  to 
1.6  pm;  idler  beam,  1.6  to  2.4  pm).  The  pump  beam  can  be  utilized  at  800  nm  or 
frequency  doubled  to  400  nm.  The  output  of  the  OPA  can  be  used  as  is  to  probe 
bandgaps  in  the  near-infrared  (NIR)/short-wavelength  infrared  (IR)  range,  or 
frequency  doubled  to  the  600-nm  to  1.2-pm  range,  or  the  signal  beam  frequency 
tripled  to  the  400-  to  530-nm  range.  To  achieve  this  wavelength  tunability,  a 
frequency  tripler  (which  can  also  be  used  for  doubling)  was  designed,  constructed, 
tested,  and  found  to  operate  efficiently  between  400  and  500  nm.  The  resulting 
pump  and  probe  beams  are  overlapped  and  focused  onto  the  sample,  the  pump  beam 
is  modulated,  and  the  differential  transmission  (or  reflection)  through  a  sample  by 
the  probe  is  monitored  using  a  lock-in  amplifier.  While  the  probe  beam  is  fixed  in 
time,  the  path  of  the  pump  beam  traverses  an  optical  delay  line,  which  delays  the 
arrival  of  the  pump  beam  with  respect  to  the  probe  beam,  and  has  a  scan  range  of 
2  ns  with  3-fs  resolution.  When  the  optical  path  lengths  (OPLs)  are  equivalent,  t  =  0 
is  defined,  and  times  before  or  after  t  =  0  are  achieved  by  either  lengthening  or 
shortening  the  OPL  of  the  pump  beam  with  the  optical  delay  line.  An  approximately 
150-225-fs  temporal  resolution  is  determined  by  the  cross-correlation  of  the  pump 
and  probe  beam  pulse  widths  (~100-150  fs  each). 


Fig.  3  Double-pump-probe  THz  spectroscopy  system 
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For  the  TDTS  setup,  a  pump  beam  (at  400  or  800  nm)  is  used  to  excite  free  carriers 
in  the  sample.  Optically  generated  carriers  are  accelerated  due  to  diffusion  and/or 
drift,  resulting  in  the  emission  of  THz  radiation.  The  THz  emission  is  collected  and 
focused  on  a  ZnTe  crystal  by  a  pair  of  gold  parabolic  mirrors.  The  THz  signal  is 
detected  using  electro-optic  sampling  using  an  800-nm  gate  pulse  incident  on  the 
ZnTe  crystal,  and  overlapped  with  the  focused  THz  signal.  For  electro-optic 
sampling,  a  balanced  detector  is  initially  calibrated  with  no  incident  THz  radiation. 
The  linearly  polarized  THz-gate  beam  is  transmitted  through  the  ZnTe  crystal,  and 
then  converted  to  circularly  polarized  light  with  a  quarter  waveplate.  The  2 
polarization  components  of  the  circularly  polarized  beam  are  subsequently  split 
using  a  Wollaston  prism  and  focused  onto  a  balanced  detector  that  outputs  a  voltage 
proportional  to  the  intensity  difference  of  the  2  beams.  With  no  incident  THz 
radiation,  the  balanced  detector  outputs  zero  voltage.  Incident  THz  radiation  on  the 
ZnTe  crystal  causes  a  polarization  rotation  of  the  THz-gate  beam,  which  is 
measured  as  a  proportional  balanced  detector  output  voltage.  Temporal  resolution 
of  the  THz  signal  is  achieved  by  scanning  the  optical  delay  line  on  either  the  pump 
or  THz-gate  path. 

In  the  integrated  setup,  the  probe  beam  is  fixed  in  time  and  the  delay  of  the  pump 
beam  is  varied.  The  THz  generated  by  the  tunable  probe  beam,  tuned  to  the  band 
edge  of  the  sample  under  investigation,  is  investigated  as  a  function  of  the  delay 
after  the  arrival  of  the  initial  pump  beam.  Under  most  experimental  conditions,  the 
THz  signal  generated  by  the  pump  beam  is  expected  to  be  larger  than  the  probe 
beam  since  the  photon  energy  and  optical  power  in  the  pump  beam  is  typically 
larger.  We  therefore  employed  a  clever  geometrical  approach  to  minimize  detection 
of  THz  generation  emitted  by  the  pump  pulse  while  maximizing  THz  generation 
(and  collection)  from  the  probe  pulse  by  using  the  following  facts:  THz  radiation 
generated  by  the  photo-Dember  effect  is  zero  under  normal  excitation  since  the 
current  flow  has  no  component  transverse  to  the  emission  direction8;  THz  radiation 
generated  is  increased  at  an  oblique  angle  of  incidence  (maximum  at  -75°). 8,9  We 
employ  a  near-normal  pump  excitation  with  a  45°  probe  excitation  to  maximize  the 
signal-to-noise  and  collection  efficiency.  To  detect  the  temporal  profile  of  the  THz 
signal,  the  THz-gate  path  is  varied  through  small  (~l-2  ps)  path  changes  around 
the  OPL  of  the  probe/THz-pump  beam  as  the  OPL  of  the  initial  pump  beam  is 
changed.  An  initial  approach  at  a  fast  “real-time”  detection  of  the  THz  signal 
involved  quickly  modulating  the  pump  beam  (at  1  kHz),  while  slowly  varying  the 
OPL  of  the  THz-gate  path  (at  0.5  Hz)  using  mirrors  on  a  sinusiodally  driven  speaker 
and  using  lock-in  detection  of  the  double-modulated  signal.  The  primary 
oscillations  (~1  ps)  of  the  THz  signal  were  successfully  detected  (see  Fig.  4),  with 
a  7.5%  error  in  the  timescale  linearity  at  the  extremes  of  the  speaker  oscillation. 
Additionally,  the  slow  driving  frequency  of  the  speaker  used,  and  necessary 
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waveform  averaging  to  achieve  a  satisfactory  signal-to-noise  ratio  led  to  long 
acquisition  times.  It  was  therefore  decided  that  a  variable  delay  stage  would  be  used 
in  the  place  of  the  oscillating  speaker. 


0.5  Hz,  2.5  V  (437.97  mV  ) 

pp  '  pp' 


Fig.  4  “Real-time”  THz  waveform  acquisition  (cyan  trace).  The  sinusoidal  yellow  trace 
represents  the  voltage  applied  to  the  speaker  (top).  Linearity  investigation  of  THz  waveform 
acquisition  using  speaker  oscillations  (bottom). 

2.2.2  IR  Time-of-Flight  (ToF)  Techniques 

To  study  vertical  transport  properties  in  the  IR  spectral  range,  we  must  apply 
different  experimental  techniques  since  detector  efficiencies  decrease  dramatically 
from  the  visible  toward  the  IR  wavelengths.  We  explored  2  approaches  to  detecting 
the  arrival  of  carriers  a  known  distance  from  injection,  or  optical  ToF 
measurements,  in  IR  materials  (see  sample  structure  and  timing  diagram  in  Fig.  5). 
In  one  approach,  carriers  are  optically  injected  near  the  sample  surface  of  a  mid¬ 
wavelength  IR  (MWIR)  InAsSb  nBn  detector  structure  with  a  pump  beam.  Arrival 
of  carriers  a  known  distance  from  the  sample  surface  are  detected  using  an  optical 
probe  of  an  approximately  2- pm  bandgap  buffer  layer  grown  on  the  substrate.  In  a 
second  approach,  photoluminescence  (PL)  from  a  “marker”  quantum  well  (QW), 
with  a  narrower  bandgap  than  the  bulk  material,  embedded  in  the  absorber  layer,  a 
known  distance  from  the  surface  serves  as  an  indicator  of  the  arrival  of  injected 
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carriers.  By  monitoring  the  PL  from  the  well  as  a  function  of  time,  one  can 
determine  the  electron  transit  times  and  velocities.  Temporal  resolution  of  the 
carrier  arrival  is  achieved  using  optically  gated  upconversion  of  PL  from  the 
“marker”  well. 


Ec 

M 

£ 


Ev 


GaSb  Graded 
substrate  GainSb 


barrier  InAsSb 
contact 


Fig.  5  Sample  design  for  transport  measurement  in  IR  materials  demonstrating  2  ToF 
measurement  techniques  (top).  In  each  approach  carriers  are  injected  at  the  sample  surface 
with  a  pump  beam.  Arrival  of  carriers  a  known  depth  into  the  sample  is  detected  in  2  ways: 
via  differential  reflection  by  a  probe  beam  from  the  back  side  of  the  sample  and  through 
optically  gated  upconversion  of  PL  from  an  embedded  marker  well.  Timing  diagram  of  ToF 
transport  measurement  (bottom).  Target  layer  is  either  QW  or  probe  layer  shown  above. 

Figure  6  illustrates  our  design  of  the  optically  gated  upconversion  setup.  A 
regenerative-amplifier  pumped  OPA  is  used  to  generate  a  1,250-nm  optical-gating 
beam  (signal  beam).  The  800-nm  regenerative-amplifier  output  is  used  to  excite 
carriers  in  the  sample  (kept  at  low,  <100  K,  temperature  in  a  cryostat),  rather  than 
the  originally  planned  2,222-nm  idler  beam  since  carriers  are  generated  closer  to 
the  surface  with  the  higher-energy  800-nm  pulse  and  will  therefore  provide  better 
resolution  to  the  arrival  of  carriers  a  known  depth  in  the  sample.  A  temporal 
resolution  of  less  than  250  fs  is  expected.  PL  is  collected  by  a  pair  of  gold-coated 
parabolic  mirrors  and  focused  on  a  nonlinear  AgGaS2  crystal  used  for  upconversion 
of  the  PL  signal.  The  1,250-nm  gating  pulse  is  delayed  with  a  2-ns  delay  stage  and 
incident  on  the  AgGaS2  crystal,  which  converts  6- pm  PL  to  approximately  1.03  pm 
through  sum  frequency  generation  (SFG).  A  longer-wavelength  gating  pulse  at 
1,250  nm  (as  compared  with  800  nm)  was  chosen  because  it  provides  reasonable 
phase  matching  conditions  for  PL  emitted  at  6  pm  ±  1  pm  with  only  approximately 
5°  of  angle  tuning,  which  will  improve  the  potential  of  success  of  the  diagnostic 
technique. 
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Fig.  6  Experimental  setup  for  optically  gated  upconversion  of  MWIR  PL 

The  phase  matching  conditions  are  plotted  in  Fig.  7  for  our  custom-designed  crystal 
cut  at  47.4°;  different  mixing  geometries  are  investigated,  including  where  both 
pulses  are  normally  incident  (0°)  on  the  crystal  or  at  slightly  different  angles  (-10°). 
The  upconverted  PL  signal  is  detected  using  a  lock-in  amplifier  and  a  sensitive 
InGaAs  detector  through  a  spectrometer  to  spectrally  filter  the  incident  light. 
Development  of  the  optically  gated  IR  upconversion  PL  technique  has  included  the 
following:  measurement  of  approximately  I  -pm  PL  (the  expected  SFG 
wavelength)  with  the  system;  characterization  of  the  fast-axis  and  crystal  angle  of 
the  nonlinear  AgGaS2  crystal  by  frequency-doubling  the  2,222-nm  idler  beam; 
alignment  of  t  =  0  (where  the  OPL  of  the  pump  and  PL  collection  to  the  AgGaS2 
crystal  equals  the  OPL  of  the  gating  pulse)  by  mixing  the  800-nm  pump  with  the 
1 ,250-nm  gating  pulse  resulting  in  a  488-nm  upconverted  signal  using  a  beta  barium 
borate  (BBO)  crystal  in  the  place  of  the  AgGaS2  crystal.  For  system  alignment,  we 
successfully  designed,  grew,  measured,  and  analyzed  samples  with  a  30-nm-wide 
“marker”  well  with  approximately  6-pm  PL  emission  embedded  in  bulk  InAsSb 
material.  The  upconverted  signal  was  not  detected.  Current  efforts  to  repeat 
attempts  to  observe  optically  gated,  upconverted  IR  PL  use  a  more  sensitive 
detector  (a  low-noise  InGaAs  photomultiplier  tube  was  recently  acquired)  and 
redesigned  collection  optics  to  improve  angular  overlap  of  the  PL  cone  and  a 
narrower  gate  pulse  similar  to  a  Cassegrain  telescope  design. 
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Phase  Matching  in  AgGaS^at  47.4* 


Fig.  7  Phase  matching  conditions  for  mixing  ~6-jam  PL  with  a  1,250-nm  gating  pulse  at 
different  relative  angles  of  incidence 

3.  Results 


3.1  Transport  Studies  in  p-i-n  InGaN/GaN  Double 
Heterostructures 

As  a  preliminary  step  toward  the  development  of  our  double-pump-probe  THz 
spectroscopy  technique,  we  applied  our  optical  pump-probe  system  to  evaluate 
movement  of  carriers  across  sample  layers  through  screening  of  the  internal 
junction  and  polarization  fields.  We  also  applied  the  TDTS  system  to  determine  the 
direction  of  electron  transport  to  investigate  InGaN/GaN  double  heterostructure 
solar  cells.  A  challenge  associated  with  the  application  of  c-plane,  Ill-nitride 
wurtzite  heterostructures  involves  overcoming  the  strong  built-in  electric  field 
associated  with  the  termination  of  large  spontaneous  and  piezoelectric  polarizations 
at  heterointerfaces  that  can  significantly  affect  carrier  transport.  Conventional  p- on- 
n  (p-up)  InGaN/GaN  double  heterostructures  solar  cells  are  grown  with  a  layer  of 
tt-GaN  on  the  substrate,  followed  by  the  /-InGaN  active  region,  and  then  finally  a 
p- type  GaN  layer  on  top.  Unfortunately,  with  this  structure  design  the  junction  field 
and  polarization  field  are  in  opposing  directions,  which  inhibits  carrier  collection 
(Fig.  8a).  There  are  different  approaches  to  overcoming  the  polarization  field, 
including  using  doping  at  the  GaN/InGaN  interfaces  to  create  enough  space  charge 
to  compensate  for  the  polarization  charge  at  low-In  content  (Fig.  8b),10  using  a 
graded  heterobarrier,11  replacing  the  p-GaN  layer  with  p-InGaN,12  or  growing 
samples  in  the  inverted  polarity,  n-on-p  (p-down)  configuration  (Fig.  8c).13  To 
determine  the  effect  of  internal  electric  fields  on  carrier  transport,  we  performed 
transport  measurements  in  samples  that  use  the  conventional  design  and  in  samples 
that  use  2  different  approaches  to  overcome  the  polarization  field:  1)  p- up  samples 
that  use  layers  of  high  doping  (~5  x  1019  cm  3)  at  the  heterointerfaces  to  compensate 
for  the  polarization  charge  (obtained  through  a  collaboration  with  the  University  of 
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California,  Santa  Barbara),  and  2)  inverted  polarity,  p-down  structures  that  align 
the  polarization  field  with  the  junction  field  (grown  at  the  US  Army  Research 
Laboratory  [ARL]). 


(a)  Conventional  p-up  (b)p-upwith  high  doping  (c) Inverted  polarity, p-down 


Fig.  8  Calculated  band  structure  of  (a)  conventional  p-up,  (b)  p-up  with  high  doping  at  the 
interfaces,  and  (c)  inverted  polarity,  p-down  InGaN/GaN  double  heterostructures 

Figure  9  plots  TDTS  measurements  using  a  400-nm  ultrafast  laser  to  excite  carriers 
to  an  injection  level  of  approximately  1017  cm  3  in  only  the  z-InGaN  active  region 
to  determine  the  direction  of  carrier  transport  in  the  samples  under  investigation. 
The  polarity  (sign)  of  the  time-resolved  THz  pulse  is  indicative  of  the  direction  of 
electron  transport.  We  use  an  InAs  source  for  reference  (black  curve  in  Fig.  9)  since 
it  is  well  known  that  THz  generated  in  InAs  at  low  pump  fluences  is  mainly  due  to 
electron  diffusion  away  from  the  surface.  We  therefore  set  the  phase  of  the  detected 
THz  signal  so  that  a  positive  polarity  corresponds  to  electron  transport  away  from 
the  sample  surface.  For  the  conventional  p- up  sample,  we  measure  a  negative  THz 
signal,  which  is  indicative  of  carrier  drift  toward  the  sample  surface  (p-G aN)  due 
to  the  polarization  field  dominating  transport  over  the  junction  field,  which  is 
undesirable  for  device  performance.  In  the  p- up  with  high  doping  and  p-down 
samples,  we  observe  electron  transport  toward  the  n- GaN  layer  as  designed, 
showing  success  in  overcoming  the  polarization  field. 
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Delay  {ps} 

Fig.  9  THz  signal  from  /7-up, /7-up  with  high  doping,  InAs,  and  /7-down  InGaN/GaN  double 
heterostructures 

3.1.1  Temperature-Dependent  Carrier  Transport  in  High-Doping  p- up 
Sample 

The  p- up  InGaN/GaN  double  heterostructure  with  high  doping  is  composed  of, 
from  the  substrate  up,  1  pm  of  undoped  GaN,  2  pm  of  »-GaN  ([Si]~2  x  1018  cm  3), 

10  nm  of  n+-QaN  ([Si]~2  x  1019cm  3),  70  nm  of  undoped  Ino.1Gao.9N  (3-eV 
bandgap),  40  nm  of  /?+-GaN  ([Mg]~5  x  1019  cm-3),  30  nm  of  /?-GaN 
([Mg]~2  x  1019  cm-3),  with  a  15  nm  of  p-+-GaN  ([Mg]~5  x  1019  cm-3)  cap  (the  band 
diagram  is  plotted  in  Fig.  8b).  Temperature-dependent  THz  measurements  on  the 
p- up  with  high-doping  sample  are  shown  in  Fig.  10a  at  294,  200,  150,  1 10,  77  and 

1 1  K.  The  inset  to  Fig.  10a  plots  the  peak  THz  signal  near  t  =  0  ps  as  a  function  of 
temperature.  Efforts  to  affect  the  carrier  transit  time  and  reverse  the  field  in  the 
active  region  through  electrically  forward  biasing  the  diode  were  unsuccessful, 
indicating  that  the  doped  space  charge  at  the  heterointerfaces  effectively  cancels 
the  polarization  field.  However,  as  the  temperature  is  decreased  the  magnitude  of 
the  THz  signal  decreases,  which  indicates  the  acceleration  of  the  carriers  is 
decreasing  due  to  the  decrease  in  the  field  in  the  active  region.14  Between  120  and 
100  K,  the  sign  of  the  THz  signal  is  seen  to  flip,  which  indicates  that  the  direction 
of  carrier  transport  has  reversed.  For  temperatures  greater  than  or  equal  to  120  K, 
the  main  THz  peak  has  a  positive  sign,  indicating  electron  transport  is  toward  the 
«-GaN  layer  as  designed.  For  temperatures  less  than  or  equal  to  1 10  K,  the  THz 
signal  is  inverted,  indicating  electron  transport  is  toward  the  /?-GaN  layer  and  that 
the  polarization  field  is  dominating.  We  also  observe  that  the  amplitude  of  the  THz 
signal  is  larger  at  294  K  (1 1  K)  than  at  150  K  (77  K)  because  of  a  larger  electric 
field. 


Approved  for  public  release;  distribution  is  unlimited. 

11 


Fig.  10  (a)  THz  data  as  a  function  of  temperature.  Peak  THz  signal  as  a  function  of 

temperature  (inset),  (b,  c)  Electroabsorption  pump-probe  data  as  a  function  of  temperature 
in  a  /?-up  InGaN/GaN  double  heterostructure  with  high  doping  at  the  heterointerfaces  under 
(b)  low  injection  and  (c)  high  injection. 

To  determine  carrier  transport  times,  electroabsorption  pump-probe  measurements 
were  performed  as  a  function  of  temperature  using  a  400-nm  pump  beam  to  inject 
carriers  into  the  InGaN  layer  delayed  with  respect  to  a  probe  beam,  which  was  tuned 
to  the  InGaN  absorption  edge  to  maximize  sensitivity  to  the  differential 
transmission  AT.  Figure  10  (b  and  c)  plot  the  change  in  transmission  normalized  by 
the  probe  transmission  A  TIT,  for  a  sample  unperturbed  by  the  pump  beam  at 
injection  levels  of  (b)  approximately  1018  cm  3  and  (c)  approximately  1020  cm  3  and 
at  8, 77, 150,  and  300  K.  Room  temperature  measurements  demonstrate  fast,  carrier 
transport  toward  the  n-G aN  layer.  For  the  low-injection  data  in  Fig.  10b,  the 
system-limited,  less  than  300-fs  rise  time  at  300  K  is  indicative  of  fast  removal  of 
excess  carriers  (likely  electrons)  from  the  InGaN  layer.  As  the  temperature 
decreases  to  150  K,  the  electron  transit  time  increases  to  approximately  1  ps, 
suggesting  that  the  electric  field  in  the  InGaN  layer  decreases  with  decreasing 
temperature.  At  longer  time  scales,  the  AT/T  signal  relates  to  electric  field  screening 
due  to  the  Franz-Keldysh  effect.  This  field  screening  signal  decreases  with 
decreasing  temperature  due  to  fewer  carriers  leaving  the  InGaN  layer,  as  the 
nonlinearity  associated  with  in-well  screening  is  smaller  than  that  due  to  out-of- 
well  screening.15  The  large  difference  in  AT/T  between  150  and  77  K  can  be 
attributed  to  a  flipping  of  the  electric  field  in  the  InGaN  layer  as  the  polarization 
field  begins  to  dominate  between  150  and  77  K  and  inhibits  removal  of  injected 
carriers  from  the  InGaN  absorption  region  at  low  temperature.  Modeling  and 
current- voltage  measurements  show  that  as  the  temperature  is  decreased,  it  is  more 
difficult  for  the  electrons  (holes)  to  overcome  the  significant  barriers  that  exist  at 
the  InGaN//7-GaN(/}-GaN)  interfaces.  The  measured  photocurrent  (Fig.  11)  and 
open  circuit  voltage  both  decrease  as  the  temperature  is  decreased,  indicating  that 
the  internal  field  is  dominating  the  carrier  transport.  As  the  carriers  remain  at  the 
interfaces  of  the  InGaN  region,  they  cancel  the  doping-inserted  space  charge  and 
therefore  cause  the  polarization  charge  to  dominate  the  internal  field  and  eventually 
reverse  the  direction  of  the  field.  The  electron  barrier  of  approximately  165  meV 
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and  hole  barrier  of  approximately  210  meV  are  present  at  all  temperatures  and 
hinder  device  performance,  though  they  only  dominate  device  characteristics  at  low 
temperature.  The  effect  of  these  barriers  can  be  seen  further  in  the  high-injection 
pump-probe  data  in  Fig.  10c,  where  an  approximately  4-ps  decay  time  is  observed 
that  can  be  attributed  to  an  escape  time  of  carriers  over  the  barriers  once  a  sufficient 
carrier  density  is  reached. 


voltage  (V) 


Fig.  11  Photocurrent  as  a  function  of  temperature  in  p-up  with  high-doping  InGaN/GaN 
double  heterostructure 


3.1.2  Electroabsorption  Measurement  of  Carrier  Velocity  in  a  p-down 
InGaN/GaN  Double  Heterostructure 

For  the  case  of  inverted  polarity,  p-down  InGaN/GaN  double  heterostructures,  the 
polarization  field  is  aligned  in  the  same  direction  as  the  junction  field  (as  shown  in 
Fig.  8c),  and  therefore  enhances  carrier  sweep  out  and  capture.  Time-resolved 
electroabsorption  pump-probe  measurements  are  used  to  determine  the  carrier 
transit  time  (average  electron  and  hole  velocity  in  the  Ini-xGaxN  region)  by 
monitoring  the  change  in  transmission  of  a  sub-bandgap  probe  beam  due  to  the 
transport  of  photogenerated  carriers  under  the  built-in  internal  electric  field. 
Samples  with  100-nm-thick  Im.xGaxN  layers  demonstrate  a  sharp  rise  in  the 
electroabsorption  signal  at  all  injection  levels  that  is  limited  by  the  approximately 
200-fs  temporal  resolution  of  the  system  (see  Fig.  12a).  Under  high  injection  a  fast, 
approximately  4-ps  decay  time  is  observed,  which  is  interpreted  as  an  electron 
escape  time  from  the  InGaN  layer  due  to  a  barrier  at  the  heterointerface.  Both  the 
fast  rise  time  and  decay  do  not  show  a  variation  with  sample  temperature  and  can 
therefore  be  attributed  to  transport  phenomena.  Samples  with  a  200-nm  Ini-xGaxN 
layer  show  an  increased  decay  time  (>40  ps)  and  consequently  longer  escape  time 
in  the  reduced  built-in  field  under  high  injection,  and  an  increase  in  the  signal  rise 
time  as  the  carrier  density  is  decreased  (see  Fig.  12b),  which  is  indicative  of  time- 
resolved  carrier  transport. 
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200-nm  Thick  InGaN  Layer 


Fig.  12  Normalized  electroabsorption  pump-probe  data  at  several  injection  levels  on 
n-GaN/r-Im-xGaxN/p-GaN  heterostructures  with  (a)  100-nm-thick  Ini  xGiuN  layer,  which 
demonstrates  a  fast  rise  at  all  injections;  (b)  200-nm-thick  Ini-xGadV  layer  where  the  rise  time 
increases  with  decreasing  pump  power,  which  is  indicative  of  time-resolved  carrier  transport 


To  determine  carrier  velocities  in  the  200-nm-thick  /-layer  (structure: 
n-GaN//-hro,093Gao.907N/p-GaN),  the  rise  of  the  low-injection  electroabsorption  data 
using  a  400-nm  pump  and  428-nm  (6-nm  bandwidth)  probe  beam  was  fit  using 
Eq.  1: 


AT(0 

Ar(oo) 


|  Jve</i-jvhc?(exp(-aJ)  +  a  1[l-exp(-aJvhrft)  +  exp(-£tt/)[l-exp(aj'v,,Gfe)]]  [l-exp(-ad)]  , 


(1) 


where  d  is  the  thickness  of  the  Ini-xGaxN  layer,  a  is  the  absorption  coefficient,  t  is 
the  time  delay  between  the  pump  and  probe  beams,  and  ve  and  vh  are  the  electron 
and  hole  velocities,  respectively.  The  change  in  transmission  is  normalized  by  the 
change  in  transmission  after  the  carriers  have  traversed  the  Ini-xGaxN  layer,  AT(oo), 
so  that  the  AT(t)/AT(co)  bleaching  curve  reaches  a  value  of  unity  once  the  carriers 
have  traversed  the  Ini-xGaxN  layer.  The  sample  is  pumped  from  both  the  /i-side  and 
the  n-side  where  ve  and  Vh  are  switched  in  Eq.  1 .  The  resulting  fits  and  determined 
carrier  velocities  are  plotted  in  Fig.  13.  Electron  and  hole  velocities  in  the  200-nm- 
thick  InGaN  sample  (3.3  ±  0.5  x  107  cm/s  and  6.7  ±  0.3  x  io6  cm/s,  respectively,  in 
an  internal  electric  field  of  ~150kV/cm)  were  determined  for  the 
first  time  in  any  InGaN  material  from  the  rise  of  the  electroabsorption  signal.  The 
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measured  electron  velocity  was  seen  to  be  larger  than  the  saturation  velocity  in  GaN 
at  a  similar  field,17  indicating  the  observation  of  velocity  overshoot. 


Time  Delay  (p&) 


Fig.  13  Low-injection  electroabsorption  data  on  an  n- GaN/  i-Ini-xGaxN//;-GaN 
heterostructure  with  a  200-nm-thick  Ini-xGa*N  layer  for  the  sample  being  pumped  from  the 
n  side  (front,  green  circles)  and  from  the  p  side  (back,  orange  triangles).  Fits  for  carrier 
velocity  are  shown  as  the  solid  line  on  each  respective  curve.  The  ~190-fs  system  response  is 
shown  as  the  dotted  line. 


3.2  Cross-Well  Transport  Study 

Pump-probe  spectroscopy  with  sub-picosecond  resolution  is  used  to  study  transport 
across  multiple  GaN/InGaN  interfaces  in  a  c-plane,  multiple  quantum  well  (MQW) 
p-GaN/  z -InGaN/GaN  MQW  layer/  «-GaN  solar  cell  structure.  The  InGaN/GaN 
MQW  layer  is  composed  of  50  2.2-nm-thick  Ino.2Gao.8N  wells  and  4.9-nm-thick 
GaN  barriers.  The  resulting  energy  band  structure  (shown  in  Fig.  14  for  a  single 
well)  results  in  a  “saw  tooth”  potential  that  inhibits  the  transport  of  carriers.  Carriers 
are  excited  only  in  the  InGaN  active  region  using  a  400-nm  pump  beam,  and  the 
differential  transmission  and  reflection  are  monitored  using  a  probe  beam  tuned 
across  the  band  edge  as  a  function  of  delay  with  respect  to  the  pump  beam  and  as  a 
function  of  electrical  bias  between  -10  and  +2  V. 


Fig.  14  Energy  band  diagram  of  a  single  well  in  MQW  p-i-n  sample  at  0  V  bias.  Sample 
structure  is  composed  of  50  wells  across  a  355-nm-thick  i  region. 
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Data  (not  shown)  taken  as  a  function  of  wavelength  was  positive  (negative)  when 
probed  above  (below)  the  band  gap,  with  the  initial  rise  (fall)  due  to  bleaching  from 
decreased  absorption,  followed  by  screening  effects  as  the  carriers  moved  across 
the  sample.  It  was  necessary  to  create  an  optically  generated  carrier  density  that 
was  significantly  high  enough  to  perturb  the  in-well  and  global  electric  fields  to 
produce  a  notable  change  in  the  observed  differential  reflection  signal,  AR/R.  It  is 
important  to  note  that  although  at  these  high-injection  levels  the  internal  electric 
fields  are  appreciably  changed  by  the  optical  pulse,  changing  the  sample  structure, 
information  on  the  qualitative  trends  can  still  be  used  to  try  to  understand  the 
behavior  of  optically  generated  carriers.  To  improve  our  understanding  in  the 
future,  a  detailed  modeling  effort  will  be  necessary  to  form  firm  conclusions. 
Figure  15  plots  AR/R,  at  an  intermediate  injection  level,  where  a  variation  in  the 
AR/R  signal  is  observed  as  a  function  of  applied  bias.  On  the  longer  timescale,  the 
signal  is  seen  to  rise  then  decay  with  the  peak  occurring  at  earlier  times  as  the 
reverse  bias,  and  consequently  internal  electric  field,  is  increased.  This  behavior 
suggests  that  the  observed  trend  is  related  to  transport  because  carriers  are  more 
quickly  swept  through  the  i  region  and  the  field  is  increased.  The  -10  V  data  peaks 
at  410  ps;  the  -5  V  data  peaks  at  840  ps;  and  the  time  for  the  0  and  2  V  data  is 
longer  than  the  range  of  the  delay  stage.  On  the  shorter  timescale,  the  initial  slope, 
which  likely  relates  to  electron  transit  time,  is  seen  to  depend  on  the  bias  voltage: 
the  -5,  0,  and  +2  V  times  1.5,  2.9,  and  4.7  times  longer  than  -10  V  data, 
respectively.  To  first  order,  the  peak  time  can  be  considered  a  total  transit  time  hole 
transport,  suggesting  that  carrier  transport  across  the  structure  is  slow  under  typical 
forward  bias  operating  conditions  of  a  solar  cell,  and  that  holes  may  not  traverse 
the  entire  structure. 
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440-nm  Probe,  dp0  ~  1 .5  x  1018cm'3 


Time  (ps) 


Fig.  15  Differential  reflection  on  MQW  InGaN/GaN  double  heterostructure  as  a  function  of 
electrical  bias  on  2  timescales 

Similar  behavior  in  differential  transmission  data  has  been  previously  observed  in 
InGaAs/GaAs  and  Ge/SiGe  MQW  p-i-n  structures,18,19  which  described  the 
transport  as  a  convolution  of  3  screening  effects:  escape  of  carriers  from  the  well 
(gi),  drift  of  carriers  across  the  depletion  layer  (electrons,  g2e;  holes,  g2h),  and 
diffusion  of  the  voltage  transient  across  the  p  and  n  electrode  (g3).20  Attempts  to 
apply  the  model  presented  in  those  works  on  the  MQW  InGaN/GaN  sample 
demonstrated  that  a  more  detailed  study  is  necessary.  Figure  16  plots  the  AR/R  data 
taken  at  -10  V  bias  along  with  the  transport  model.  Livescu  et  al.20  suggest  a  long 
time  constant  (-300-400  ps)  for  the  diffusion  of  the  voltage  transient  for  our  large 
(-125-150  pm)  pump  beam  spot,  which  results  in  an  electron  drift  time  of 
approximately  10  ps  and  a  hole  drift  time  of  approximately  600  ps.  This  fit  does 
not,  however,  match  the  faster  rise  behavior  for  300  ps.  The  300-ps  behavior  is 
better  matched  using  a  shorter,  approximately  20-ps  diffusion  voltage  transient  time 
but  then  requires  a  much  slower  hole  drift  time  of  approximately  1 .4  ns  to  fit  the 
greater  than  500-ps  data  to  go  along  with  the  approximately  10-ps  electron  drift 
time.  If  we  assume  a  10-ps  drift  time,  an  average  electron  velocity  of  3.6  x  106  cm/s 
in  a  360-kV  net  field  can  be  approximated,  which  is  an  order  of  magnitude  smaller 
than  the  velocity  observed  in  bulk  GaN  at  a  similar  field.  It  has,  however,  been 
demonstrated  that  tunneling  is  the  dominant  transport  mechanism  in  this  structure,21 
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and  tunneling  is  neglected  in  the  model  presented  here,  requiring  more  analysis. 
Future  work  to  model  the  physical  phenomena  of  carrier  transport  more  carefully 
across  a  “saw  tooth”  potential  to  develop  a  better  understanding  of  this  data  and 
determine  expected  electron  and  hole  drift  times  is  planned. 


Time  (ps) 

Fig.  16  Transport  model  applied  to  AR/R  data  under  a  -10  V  bias 

3.3  ToF  Measurement  in  IR  Materials 

To  measure  the  transit  time  of  optically  generated  carriers  in  the  structure  in  Fig.  5 
from  the  surface  of  the  InAsSb  absorber/contact  layer  using  a  pump-probe 
technique,  it  is  necessary  to  measure  differential  reflection  from  the  GalnSb  buffer 
layer  from  the  backside  of  the  sample  because  the  higher  energy  probe  beam  is  fully 
absorbed  by  the  narrow  bandgap  InAsSb  layer(s).  This  necessitates  considerable 
changes  to  be  made  to  the  sample  design.  In  the  previously  used  GalnSb  graded 
layer  (which  provided  a  virtual  substrate  [VS]  with  grading  of  the  lattice  constant 
from  the  GaSb  substrate  to  the  GalnSb  buffer  and  InAsSb  absorber),  significant 
absorption  of  the  approximately  40-nm  bandwidth  probe  beam  occurs  in  the  graded 
layer,  which  clouds  the  desired  measurement  of  differential  absorption  in  the 
targeted  buffer  layer.  We  therefore  modified  the  sample  design  to  use  an  Al- 
containing  AllnSb  grading  to  widen  the  bandgap  of  the  graded  layer  and  provide 
optical  access  to  the  buffer  layer  from  the  backside  of  the  sample. 

Sample  growth  and  design  began  with  unstrained,  unrelaxed  InAsSb  with  a  targeted 
absorption  wavelength  of  7  pm.  This  followed  our  standard  strategy  of  using  In 
grading  to  increase  the  lattice  constant,  with  a  corresponding  Al-dominated  grade 
to  achieve  larger  bandgaps,  ending  with  AllnSb,  which  is  also  the  compound  for 
the  VS.  To  test  the  feasibility  of  probing  a  buffer  layer  from  the  backside,  the 
requirement  was  that  the  layer  should  absorb  in  the  1.6-2.4-pm  range.  We  set  the 
target  to  2  pm  and  considered  the  options  of  using  a  Ga-  or  Al-based  grading 
strategy  for  the  initial  buffer  layer.  The  probe  layer  could  be  either  AllnSb  or 
GalnSb.  The  Al-containing  version,  however,  would  need  to  contain  approximately 
80%  In,  which  would  generate  a  very  large  lattice  constant,  and,  consequently,  a 
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large  number  of  defects.  The  Ga  version,  on  the  other  hand,  only  required 
approximately  25%  In.  We  could  then  use  a  Ga-grading  strategy  with  a  Ga- 
containing  VS  as  shown  in  Fig.  17  (top),  but  decided  that  the  slow  bandgap  change 
might  make  the  absorbing  properties  of  the  total  structure  less  distinct.  Therefore, 
the  final  choice  was  to  combine  an  Al-based  grade  and  a  Ga-based  VS,  which  we 
had  not  attempted  before.  This  resulted  in  the  bandgap  profile  shown  in  Fig.  17 
(bottom).  Here  the  entire  graded  buffer  is  transparent  to  the  2  pm  absorption  of  the 
probe  layer.  This  structure  was  grown  and  came  out  very  close  to  the  design  targets, 
with  a  test  structure  containing  the  VS  with  a  1.5-pm-thick  GalnSb  probe  layer 
delivered. 


Fig.  17  Bandgap  profiles  of  a  Ga-grade  on  GaSb  with  a  GalnSb  VS  for  2-pm  absorption 
(top).  A  possible  AllnSb  barrier-layer  is  also  shown  as  well  as  an  InAsSb  layer  for  LWIR 
absorption.  Bandgap  profiles  of  the  selected  Al-grade  on  GaSb  with  a  GalnSb  VS  for  2-pm 
absorption  (bottom). 


The  GalnSb  buffer  layer  was  grown  1.5  pm  thick  to  ensure  that  the  probe  beam 
absorption  is  minimal  in  the  InAsSb  layer  grown  on  top,  since  that  layer  would 
absorb  any  of  the  probe  beam  transmitted  by  the  buffer  layer  and  would 
consequently  contribute  to  the  reflected  probe  and  obscure  our  results  (transmission 
on  new  VS  with  buffer  layer  is  shown  in  Fig.  18).  Given  a  maximum  absorption 
coefficient  of  104  cm-1  (on  the  short- wavelength  side  of  the  absorption  edge),  we 
expect  a  1.5-pm-thick  buffer  layer  to  transmit  approximately  22%  of  the  probe 
beam.  Further,  if  the  GalnSb  layer  were  grown  too  thick,  the  differential  reflection 
of  the  probe  beam  would  not  be  sensitive  to  carriers  arriving  at  the  front-side  of  the 
buffer.  Using  this  design,  ToF  measurements  can  now  be  applied  to  samples  grown 
with  an  InAsSb  layer  with  greater  than  a  5  pm  thickness.  A  very  thick  layer  allows 
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the  pump  beam  to  be  absorbed  close  to  the  surface  (and  not  at  all  near  the  bottom 
of  the  layer),  providing  a  longer  transit  distance,  and  allowing  direct  probing  of  the 
InAsSb  layer  by  tuning  the  probe  beam  to  an  energy  below  the  buffer  layer’s  band 
edge.  When  probing  the  buffer  layer,  we  only  expected  to  see  the  arrival  of  holes, 
since  there  is  a  significant  barrier  to  electrons  in  the  conduction  band  at  the 
GalnSb/InAsSb  interface.  Probing  the  InAsSb  layer  directly  is  sensitive  to  the 
arrival  of  electrons,  enabling  measurement  of  the  velocities  of  both  charge  carriers. 


Fig.  18  Transmission  measurement  in  newly  designed  VS 

Figure  19  plots  the  differential  reflection  result  on  the  GalnSb  buffer  layer  and 
demonstrates  the  realization  of  our  NIR  pump-probe  system.  The  rise  time  of  the 
pump-probe  signal  is  approximately  200  fs,  demonstrating  the  temporal  resolution 
of  our  system.  Future  work  will  include  applying  this  measurement  to  a  nBn 
detector  structure  or  other  heterostructure  to  measure  the  ToF  of  injected  carriers 
across  an  IR  absorber  layer. 
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Fig.  19  Differential  reflection  on  NIR  GalnSb  buffer  layer  for  IR  detector  structure 

3.4  Double-Pump-Probe  THz  Measurements 

To  test  the  double-pump-probe  THz  spectroscopy  technique,  initial  measurements 
were  made  on  a  bulk  p- type  InAs  sample,  where  the  dominant  transport  mechanism 
of  optically  generated  carriers  is  diffusion  of  electrons  and  holes  away  from  the 
sample  surface  at  different  velocities  (leading  to  a  Dember  field),  and  a  GaAs  p-i-n 
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homojunction  composed  of  approximately  450-nm  total  thickness  of  //-type  GaAs 
layers  (of  varying  doping  densities),  a  fully  depleted  100-nm-thick  i  layer,  and  a 
2 -pm  «-type  base  layer.  An  800-nm  pump  beam  with  an  approximately  2-mm  spot 
size  is  used  to  inject  the  initial  packet  of  carriers  into  the  sample,  while  a  second 
less  than  1-mm  800-nm  pulse  was  used  to  excite  the  THz  at  a  variable  delay  with 
respect  to  the  initial  pulse;  the  power  of  both  beams  was  approximately  8  mW 
(though  lower  powers  were  tested  on  the  InAs  sample  with  minimal  changes  to  the 
observed  data).  Figure  20  plots  the  peak  of  the  THz  waveform  at  t  =  0  ps  of  the 
THz-gating  pulse  for  electro-optic  sampling  for  both  samples.  For  the  InAs  sample 
(Fig.  20  [top]),  the  detected  THz  signal  generated  by  the  second  pulse  is  seen  to 
increase  with  a  200-  to  400-ps  rise  time.  The  increased  THz  signal  is  likely  due  to 
photo-Dember  field  generated  by  the  initial  pump  pulse.  For  the  GaAs  p-i-n 
homojunction  (Fig.  20  [bottom]),  there  is  an  approximately  600-fs  decay  feature 
that  is  not  observed  in  the  InAs  sample.  This  is  likely  due  to  field  screening  from 
carrier  drift  across  the  i  layer  of  the  sample.  However,  interpretation  of  the  data  is 
difficult  because  of  the  long  approximately  1-pm  absorption  length  of  GaAs 
distributes  carriers  across  the  p-i-n  structure,  and  the  resulting  transport  is  a 
combination  of  drift  and  diffusion  processes.  Future  work  will  include 
measurement  in  p-i-n  structures  where  a  majority  of  carriers  are  absorbed  in  the  i 
layer  and  transport  can  be  attributed  to  drift.  Measurements  will  also  be  made  in 
other  materials,  such  as  the  InGaN/GaN  MQW  sample  discussed  in  Section  3.2 
with  the  pump  and  probe  beams  tuned  to  the  band  edge. 
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Fig.  20  Double-pump-probe  THz  signal  generated  by  a  THz-pump  probe  beam  as  a  function 
of  delay  after  an  initial  pump  pulse  in  a  bulk  InAs  sample  (top)  and  GaAs  p-i-n  sample 
(bottom) 

4.  Conclusions 


The  success  of  this  DRI  project  to  investigate  directly  the  vertical  carrier  transport 
properties  in  Army-relevant  semiconductor  materials  and  devices  was 
demonstrated  through  the  development  and  application  of  new  noninvasive 
nondestructive  ultrafast  optical  spectroscopy  techniques.  Aspects  of  carrier 
transport  in  InGaN/GaN  double  heterostructures  were  illuminated  by  applying  the 
new  pump-probe  and  THz  spectroscopy  techniques.  A  ToF  pump-probe 
measurement  for  transport  measurements  in  IR  materials  has  been  developed  and 
demonstrated,  and  can  be  applied  to  a  variety  of  sample  structures.  Optically  gated 
upconversion  of  PL  from  an  embedded  marker  well  has  not  been  successful  due  to 
low  signal  levels  and  poor  detector  efficiencies;  however,  the  developed  technique 
can  alternatively  be  used  to  detect  fast  features  in  PL  under  high  injection  levels  to 
determine  Auger  recombination  coefficients  in  bulk  IR  detector  materials  where 
the  available  signal  for  detection  will  be  increased,  and  in  NIR  and  visible  materials 
and  devices  where  the  sum  frequency  generation  process  in  BBO  is  more  robust. 
Realization  of  the  unique  double-pump-probe  THz  spectroscopy  setup  was 
demonstrated  on  test  samples  and  can  now  study  transport  in  other  heterostructure 
device  structures. 
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Sustained  success  will  involve  continued  use  of  the  new  ultrafast  spectroscopy 
measurement  techniques  to  support  Army  programs.  The  extensive  operational 
wavelength  coverage  of  our  developed  system  allows  the  examination  of  materials 
from  the  visible  through  LWIR  spectral  ranges,  such  as  Type  II  strained  layer 
superlattices  (T2SL)  based  on  III-V  technology,  which  suffer  from  poor  vertical 
transport  due  to  large  thickness  layers  in  the  repeated  structure,  barrier-based  device 
architectures  where  unknown  band  offsets  influence  device  performance,  and 
nitride-semiconductor-based  OE  devices  such  as  LEDs,  which  suffer  from  an 
efficiency  droop  due  to  imbalance  of  charge  transport  across  the  junction.  Novel 
device  designs  to  enhance  vertical  carrier  transport  and  collection  will  continue  to 
be  studied.  Information  gleaned  from  these  measurements  provide  ARL  and  the 
Army  with  a  deeper  understanding  of  vertical  carrier  transport  in  novel 
heterostructured  materials  and  devices,  using  the  new  optical-spectroscopy 
material-characterization  capability  for  the  development  and  improvement  of  an 
extensive  range  of  low-cost  high-performance  Army-relevant  OE  devices. 

5.  Transitions 


The  ultrafast  spectroscopy  techniques  developed  in  this  program  to  measure  carrier 
transport  has  been  transitioned  into  the  Ill-Nitrides  mission  program  as  part  of  the 
2015  6.1  Basic  Refresh  effort  under  the  project,  Fundamental  Studies  of  Carrier 
Transport  and  Vertical  Light  Emission  in  Near-UV  Heterostructures.  In  this 
program,  the  capabilities  developed  during  this  DRI  will  be  expanded  into  the  near¬ 
ultraviolet  (UV)  region  of  the  spectrum  to  study  the  fundamental  aspects  of 
transport  across  heterostructures  in  conjunction  with  internal  ARL  growth  efforts 
and  new  advanced  modeling  efforts  to  progress  our  understanding.  Future 
transitions  will  expand  into  the  development  of  other  materials  of  importance  for 
applications  across  the  UV,  visible,  and  IR  spectral  ranges  to  enhance  the 
understanding  of  materials  and  carrier  transport,  which  is  needed  for  improved 
materials  and  devices. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


AC 

alternating  current 

ARL 

US  Army  Research  Laboratory 

BBO 

beta  barium  borate 

DFG 

difference  frequency  generator 

DRI 

Director’s  Research  Initiative 

IR 

infrared 

LWIR 

long-wavelength  infrared 

MQW 

multiple  quantum  well 

MWIR 

mid-wavelength  IR 

NIR 

near  infrared 

OE 

optoelectronic 

OPA 

optical  parametric  amplifier 

OPL 

optical  path  length 

PL 

photoluminescence 

PMT 

photomultiplier  tube 

QMSA 

Quantitative  Mobility  Spectrum  Analysis 

QW 

quantum  well 

SFG 

sum  frequency  generation 

TDTS 

time-domain  terahertz  (THz)  spectroscopy 

THz 

terahertz 

ToF 

time-of-flight 

TRPL 

time-resolved  photoluminescence 

UV 

ultraviolet 

VIS 

visible 

vs 

virtual  substrate 
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